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Chimeric Receptors Providing Both Primary and ^\-'-;-v;^ 
Costimulatory Signaling in T Cells from a Single Gei^ 

Helene M. Finney, Alastair D. G. Lawson, 1 Christopher R. Bebbington, 2 and A. Nett C. Weir 

Single chain Fv chimeric receptors, or T-bodies, are described with intracellular sequences comprising the costimulatory tiling 
domain of CD28 in series with the £-chatn from the TCR complex. Using an engineered human single chain Fv deHye4 frw^ 
an niAb with specificity for human CD33, and a spacer comprising an Ab hinge region with d^F^.^'^^^^X^v 
extracellular region, fusion molecules were constructed to test the ability of single chain designs to mediate .both primary signaHng 
and cosumulatJon from one extracellular binding event Constructs with the CD28 signaling domain proximal an^ Jie^a^ 
distal to the membrane were found to express more efficiently in Jurkat than constructs with the opposite orientation and ^er« 
capable of mediating up to 20 times more IL-2 production on stimulation with solid phase Ag when compared with transfectants 
expressing chimeric receptors with £-chain Intracellular signaling domains only. IL-2 production was specific to Ag challenge and 
was completely inhibited by incubation with free Ab of the same specificity as the extracellular binding site of the construct, but 
not by an isotype-matched control Ab. The CD28 intracellular domain of these fusion proteins was shown to be capable of binding - 
the p85 subunit of phosphatidylinositol 3 '-kinase. These constructs represent the first of a new generation of filttgle gene mul- 
tidomain chimeric receptors capable of mediating both primary and costimulatory signaling spcciflcally from ^^^n^Oa^'^ 
recognition event The Journal of immunology, 1998, 161: 2791-2797* 

cure in the presence of high levels of IL-2 (9). Thus, ^ p6te^ 
clinical use of current chimeric receptors may l>e resoic^::;tb 
transduction of ex vivo-dcrived T cells stimulated with high levels 
of cytokines for autologous adoptive immunotherapy^ . ;; 

A number of molecules with costimulatory signaling capacity in 
T cells have been identified, including GD2 (21); <3D4 and CD8 
(22), CDS (23). and CD28 (24:2^. ^ 

shown to play a key role in the sc^vafipn of p^y^^.jQ(^ r w^siL.: , 
interaction with members of the B7 fanutyof 
CD80, and B7-2. CD86) on APCs (2(9. ^ 
domain of CD28 serves to initiate a signal to^^ 
which is distinct from the primary, signal 4^^re^^^^^0i 
binding of the extracellular dornaw of P>2$ ^^^^^^r. 
lular domain of CD2fc becomes phosph^lau^a 
idue in a motif mat conforms \to the. con^ 
quencc YMXM. This is a member of a ^ 
intracellular cyrosine-based activation rno^ 
die receptor-specific scaling 

rosine4>inding SH2 domains; Three molecules \^dafcf ; |i^--boen' 
shown to bind phosphorylated CD28Vthe reguktory subunit (p85) 
of phosphatidylinosilol; 3^hase,.me t^sine^k^ 
ible T cell kinase), arid me adaptor molecule grbr;2 t27).;T^ 
anism by which ligand binding leads to phosphorylation and xe- 
cruitment of molecules capable of mediating intracellular signaling 
is not completely understood, but at least in so^ (^umsj^qei 
receptor oligomerization may be sufficient to initiate signal trans- 
duction. Cross-linking of a chimeric receptor comprising a GD8 
extracellular domain and a CD28 intraccUular domain led; to acti- 
vation of phosphatidylinositol 3'-ldriase and enhanced 1T>2 pro- 
duction in Jurkat cells. (28). V ' 

A chimeric receptor (29) similar to those described above, with 
an extracellular scFv binding domain, but «^' a-<X^;mMceU 
lular domain in place of the TCR f-chain, has -be^'shb^^d&- 
liver costimulatory signals ; similar -to those 'dici^ - by,jcr^-^^' 
ing of unmodified GD28 when combmed wi&^ 
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Tcell surveillance in cancer is in most instances critically 
dependent on the presentation of processed Ag com- 
plexed with MHC on tumor cell surfaces. This require- 
ment severely constrains the effectiveness of T cells, as tumor cells 
down-regulate MHC (1,2), and potential tumor Ags are not ex- 
pressed. It has long been the goal of tumor immunology to widen 
the scope of T cell recognition and to open the entire B cell rep- 
ertoire of Ag recognition to T cells in an MHC-unrestricted man- 
ner. Chimeric receptors that feature extracellular Ab binding sites 
and intracellular TCR signaling domains* conferring MHC inde- 
pendence on T cell recognition and activation, have shown prom- 
ise in this area (3-15). 

However, there is now substantial evidence that naive T cells 
require more than one stimulus for efficient activation. Although 
engagement of the TCR by peptide in the context of MHC $s es- 
sential for the initial steps of the activation pathway, occupancy of 
the TCR alone in the absence of other, costimulatory signals does 
not lead to proliferation of the majority of primary T cells but, 
rather, induces a state of unresponsiveness or anergy (16, 17). As 
tumor cells in general fail to express molecules that provide co- 
stimulation, the T cell response to Ags presented on MHC by 
turnor cells is further compromised (18, 19). In accordance with 
the two-signal hypothesis of T cell activation, chimeric receptors 
with an scFv extracellular region and a TCR £-chain intracellular 
sequence do not activate naive T cells in transgenic mice (20), in 
contrast to the ability of similar constructs to activate cells in cul- 
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TCR/CD3 complex. In the same report double transfcctants ex- 
prcssiig scPv-CD28 and scFv-f chimeric receptors, with specific- 
ities for different haptens, were shown to produce maximal levels 

. of n>2 b ««PfM«e to specific ii^gs. . 

In ;d^ the concept of providing primary 

:^tcibJi^^ gene product We de- 

s^^s^ with scFv Ab extracellular 

doinaihs (30) and intracellular sequences comprising the signaling 
region of Cp28 In, series with the signaling -region of the {-chain 

: from the itCR coinplex. Extracellular binding specificity for the 
constructs is provided by the engineered human single chain Fv 
deriVe^ fcm i;^"'@p/:miniAb'with specificity for human CD33, 
which U cujr^ trials as a drug conjugate for treat- 

j.^^tiofcacute : myeloid ieukeniia'. Spacers ire used to distance the 

^ ^ membrane (32) and com- 

j&se^^ human IgGl iwth either the CH2 and 

^.i^!iS&Mi$ftMlil&l (referred to as Gl) (33) or part of the 
exl^ (referred to as h.28). The primary 

signaling and cbstirhulatory regions are, respectively, either prox- 
1 ifnal distal to the membrane, and the transmembrane sequence 
is takeii from^ in either case. 

Coistnictsj CTM^ve T cell line 

v ^ IL-2 on chal- 

lenge with either solid phase CD33 or HL60 cells expressing 

y CD33 is; comr/ared 

Materials and Methods 

' VMOPC3L : isot^e^rflateiM control Ab was obtained from Sigma (St Louis, 
; MOpMurirtd:P67; Ab (34) was purified from hybridoma supernatant on a 
- protein Piseataway, NJ). Soluble CD33 

; J ^ on a jf*67 affinity column from 

•sUjjSjrtu^^ by transection with a 

: : IbneUcally manipulated to allow secretion (gift from 

' 'i0 l 8iiMt :./; : 

"The hujnah celltfnes lympho- 
blastoma) were b^^ Collection (Rock- 
ville; :MD): and cultured in DMEM supplemented with 10% FCS, 4 mM 
glutamine, and 1 % penicillin/streptomycin (Life Technologies, Grand Is- 

: lan(i : Ny)...^ v ^,,,^..,. :, .,4^ v ^;^ v ^. m ; . ~J • .... . - 

■ Transfectidh 

. Stably transfected Juricat cell lines weregcnerited by dectroporation. DNA 
was prepared by p500 columns according to the manufacturer's instruc- 

. tions (Qiagem Ghatsworth, CA), and 30 /ig was linearized with Sail before 
adding dt to I X 10 7 PBS- washed Jurfcat E6.1. Electroporaubn conditions 
were twapuise* of 1000 V and 3 fiF (Bio-Rad Gene.Pulser, Hercules, CA). 
Cells were. .left to recover for 24 h in nonselective media. Following se- 
lection in 2 mg/ml antibiotic G418 (geneticin. Sigma); transfectants were 
maintained in the. same concentraiion of G4I8 for a maximum period of 

Construction of -chimeric receptor genes 

Each component of the chimeric receptor constructs was either PCR cloned 
or rcR assembled by standard techniques anil subcloned in a cassette 
. fpo^Jn^ pBli^ (Stratagcne, La Jolla, CA; see. Fig. J, >4-£). 

Single chain cassette. Leader sequence and V L from the engineered 
human P67 Ab were PCR ploned with oligos R6490 and R6491. R6490 
mttpduces S'Notl and HiruSSSl sites and R649t forms part of a (Gl/Ser) 5 
linker. V H was PGR dohed with oligos R6492 (forms part of linker) and 
R6493 (introduces 3' site). Ijoadetfy^ and V„ fragments were then 
PCR. spliced together, and the PCR product was restricted with Noil and 
Spel arid subcloned [ into pBluescript SK + . 

Hinge*Cp28 cassette. Human CD28 extracellular, transmembrane, and in- 
tracellular componenis were PCR cloned- from human leukocyte cDNA 
(Clontech, Palo Alto, CA) with oligos S0146 (fntroducing a 5' Spel site) 
and P3241 (Introducing a 3' EcoKl site). S01 46 also constitutes residues 
234 to 243 of human IgGl hinge. 
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FIGURE 1. Diagram of chimeric receptor cloning cassettes. A. P67/ 
Cl/£ B, P67/Gl/f-CD28; C, P67/GI/CD28-f; D> P67/h.28/^D28; £. 
P67/rt28/CD28-C The approximate position of the transmembrane se- 
quence is indicated by a bold vertical line in each construct. 



01 spacer cassette. Human IgGl hinge, CH2, and CH3 were PCR cloned 
from IgGl cDNA clone (gift from A. Popplewell) with oligos S006O (in- 
uoducing a 5' Spel site) and S0061 (introducing residues L. D, P, and K 
constituting a 3' BamHI site). PCR product was restricted with Spel and 
BamHI and subcloned into pBluescript SK*. 

h.28 spacer cassette., Human IgGl, hinge and part of human CD28 extra- 
cellular component were PCR cloned from the hinge-CD28 cassette with 
oligos T4057 and T4058. T4057 introduces a 5' Spel site and T4058 in- 
troduces residues L, D, P, and K constituting a 3' BamHI site. PCR product 
was restricted with Spel and BamHI and subcloned into pBluescript SK*. 
TCR £ cassette. Human £ transmembrane and intracellular components 
were PCR cloned from human leukocyte cDNA (Clontech) with oligos 
R6488 (introducing a 5* BamHI site) and R6489 (introducing a 3' EcoR\ 
site). PCR product was restricted with BamHI and EcoRI and subcloned 
into pBluescript SK+. 

Hitman CD28 cassette. Human CD28 transmembrane and intracellular 
components were PCR cloned from human leukocyte cDNA (Clontech) 
with oligos P3240 (introducing a 5' BamHI site) and P3241 (introducing a 
3' EcoRI site). PCR product was restricted with BamHI and EcoRI and 
subcloned into pBluescript SK*. 

&CD28 fusion cassette. The 3' end of & starting at a naturally occurring 
Styl site, and the intracellular component of human CD28 were PCR as- 
sembled such that the £ stop codon was removed, and an in-frame fusion 
protein would be translated. PCR assembly was conducted with overlap- 
ping oligos: P3301 , P3302, P3303, P3304, P3305, and P3306. PCR product 
was restricted with Sfyl and EcoRI and subcloned into pBluescript SK* 
containing the TCR £ cassette, replacing the 3' end of zeta. 
CD28~$ fusion cassette. Human CD28 transmembrane and intracellular 
componenis were PCR cloned from the hinge-CEi28 cassette with oligos 
T7 145 and T4060. T7145 introduces residues L, D. P. and K constituting 
a 3' BamHI site, T4060 comprises a 3' overhang compatible with the 5' 
end of human £ intracellular component. 

The human £ intracellular component was PCR cloned from the TCR < 
cassette with oligos T4387 and S4700. T4387 comprises a 5' overhang 
compatible with the 3' end of human CD28 intracellular component. S4700 
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introduces a V EcoBl site. CD28 transmembrane and intracellular com- 
ponents were then PCR spliced 10 £ intracellular component with otigos 
T7145 andS4700. PCR product was restricted with BamUi and EcoBX and 
subcloned into pBIucscript SK*. 

All of the above cassettes were completely sequenced (Applied Biosys- 
tems, Taq DyeDeoxy Terminator Cycle Sequencing, part 901497, Foster 
City, CA) in pBluescript SK* before cloning into the expression vectors. 

All oligos were either synthesized in-house or supplied by Oswelt (Ed- 
inburgh. Scotland). All oligos are listed in the 5' to 3' orientation: R6490, 
ATATAGCGGCCGCAAGCTTCCACCATGTCTGTCXX2CACCCAAGT 
CCTC R6491, TOACCCTCCGCCACCTGACCCTCCGCCAC CTOAC 
CCTtXGCCACCTGACanXXGCCACCTGACCCTC^ 
ACTTCTACTTTAGTACC; R6492, GGTGGCGGAGCGTCAGGTGGC 
GGAGGGTCAGGTGGCGGAGGGTCAGGTGGCGGAGGGTCAOAGG 
TCK:AGCTGGTGCAGTCT;R6493.TATATACTAGTAGAAGACACTG 
TCACCAGTGT; SO 146, CG ACTAGTG ACAAAACTCACAC ATGCCC 
ACCGTGCCCAAAAGGGAAACACXnTTGTCCAAGTCCC; P3241, T 
ATGAATTCTCAGGAGCGATAGGCTGCGAA; S0060, CQ ACTAGTG 
ACAAAACTCACACATGCCCACCG; S0061, TTGGGATCCAGTTTA 
CCCGGAGACAGGGAGAGGCT; T4057. CTACTAGTGACAAAACTC 
ACACT4058, TTGGGATCCAGGGGCTTAGAAGGTCCGOAAATAG; 
R6488, ATATAGGATCXCAAACnCTGCTACCTGCTG; R6489, TAT 
ATGAATTCITAGCGAGGGGGCAGGGCCTGCAT; P3240, TATG- 
GATCCAAGCCCTTTTGGGTGCTGGTGGTO; P3301, OCCACCAAG- 
GACACCTACGACGC; P3302, CCCCCTCGCAGGAGTAAGAGGAGC 
AGGCTCCTGCACAGTGACTACATGAACATGACTCCCC; P3303, C 
AAGCATTAC£AGCCCTATGCCX£ACCACGCGACTTCGCAGOCTA 
TCGCTCCTGAGAATTCATA; P3304, TATGAATTCTCAGGAGCQAT 
AG*W305,GCATAGGC<nGGTAATGCTTCGGGTGGGCOCGGGGCG 
GCGGGGAGTCATGTTCATGTAGT; P3306, CTCTTACTCCTGCOAG 
GGGGCAGGGCCTGCATGTGAAGGGCGTCGTAGGTGTCCTTGGTG 
GC; T7145, CTGG ATCCCA AATTTTGGGTGCTGGTGGTGGTTG; T40 
60, GCTCCTCKn'GAACTTCACTXTGGAGCGATACKXTGCGAAG 
G;T4387, GCGACTTCGCAGCCTATCGCTCCAGAGTGAAGTTCAGC 
AGGAGCG; and S4700, TATGAATTCTTAGCGAGGGGOCAGGGCC 
TGCATG. 

The cassettes described above were assembled using standard molecular 
biology techniques to construct chimeric receptors with the specificity of 
the engineered human Ab hP67, directed against human CD33. The fol- 
lowing chimeric receptors were constructed (sec Fig. 1, A-E). 

A) P67/Gl/{ chimeric receptor consists of a single chain Fv linked to an 
extracellular spacer comprising human IgG I hinge, CH2 and CH3, linked 
to the transmembrane and intracellular regions of human TCR £ The single 
chain Fv consists of the leader sequence and variable component of the 
light chain of the engineered human Ab linked via a (Gl/Serlr linker to the 
variable component of the heavy chain of the engineered human Ab. The 
extracellular spacer consists of residues 234 to 243 of human IgGl hinge, 
244 to 360 of CH2, and 361 to 478 of CH3 (35). This is linked to.rcsidues 
6 to 142 of human TCR f comprising extracellular (part), transmembrane, 
and intracellular regions (36, 37). 

B) P67/GI/£-CD28 fusion chimeric receptor consists of a single chain 
Fv linked to an extracellular spacer comprising human IgG 1 hinge, CH2 
and CH3, linked to the transmembrane and intracellular regions of htiman 
I fused to the intracellular region of human CD28. The single chain Fv and 
extracellular spacer and human TCR £ are the same as In A above.. The 
TCR I is linked to residues 162 to 202 comprising the intracellular com- 
ponent of human CP28 (38). 

C) P67/Gl/CD28-f fusion chimeric receptor consists of a single chain 
Fv linked to an extracellular spacer comprising human IgG 1 hinge, CH2 
and CH3, linked to trie transmembrane and intracellular regions of human 
CD28 fused to the intracellular region of human (. The single chain Fv and 
extracellular spacer arc toe same as in A and B above. The extracellular 
spacer is linked via residues L, D, P, and K to residues 135 to 202 com- 
prising the transmembrane and intracellular components of human CD28. 
This is linked to residues 31 to 142 of human TCR £. the intracellular 
region (36, 37). 

D) P67/h.28/£-CD28 fusion chimeric receptor consists of a single chain 
Fv linked to an extracellular spacer consisting of human IgGl hinge, part 
of the extracellular region of human CD28, and four amino acid residues, 
linked to' the transmembrane and intracellular regions of human TCR £ 
fused to the intracellular region of human CD28. The single chain Fv and 
intracellular regions are the same as in B above, the extracellular spacer 
consists of residues 234 to 243 of human IgGl hinge And residues 118 to 
134 of human CD28, and this is linked via residues L. D. P. and K to the 
intracellular regions. 

£) P67/h.28/CD28-£ fusion chimeric receptor consists of a single chain 
Fv linked to an extracellular spacer consisting of human IgGl hinge, part 
of the extracellular region of human CD28. and four amino acid residues, 



■ 



linked to the transmembrane and intracellular regions of human CD28 
fused to the intracellular region of human £. The single chain Fv and in- 
tracellular regions are the same as in C above. The extraocular spacer is . 
the same as in D above, and this is linked via residues L, D, P, indlC to 
the intracellular regions. f>L 

FulMength chimeric receptor genes were subdoiied from^I^^ 
vectors on a Hin&VL to £coRl fragment into the expre#|$ ^veigsor : 
EE6HCMVNe6, a derivative of pEE6 (39) containing ''the (i |^^ 
intermediate early promoter and to bacterial gene for neom^ 
G418) resistance. All expression vectors were, analyzed j^prip^ ¥ .ah • 
zyme mapping. 

Flow cytometry 

Approximately 5 X 10 5 cells were washed once with PBS plus 5%:FCS 
then incubated with 1 Mgfcnl FITC<onjugated soluble Q>33 a^4!C>;fer 30 
mm. Cells were washed again in PBS/5%" FCS, and expre^ibh lcy^S6( - ■ 
chimeric receptors were analyzed in a FACScan cyronieter (»%on IHc^;^ : 
inson, Mountain View, CA). fetirhanon of the number of CT?3§^oldc«les . 
bound per cell was performed using a quantum 

(molecules of equivalent soluble flubibchrome) units of ifS^ (Sigma • 

qmfiO). '' ■■'" : -"> ? — ■ - r- 

Stimulation and IL-2 production [assays. v ■ 7>S?'^^F:' "■ V " 

Jurkat control or chimeric receptor effector cells (f x; iu^Vew,istimulate4^^ 
by incubation on 96-wcIl plates (Nunc \ixuittm&^^ '. \ 

with soluble CD33 titrated from 5 /ig/ml in at M NMCC^ "(p)^£). • 
OKT 3 at 5 *ig/ral in PBS (pH 7.2); OkM. luidann^^ 
San Francisco, CA) at IS /btg/ml each in PBS (pH 7.2) Orby cbmc^b^tion . . ' . 
in 96-wdlU4>ottora plates (Fato^ 

an E:T cell ratio of 1 : 1 or 1 3. The specificity of effec^and mr^ tafe^ 
action was demonstrated by pieiricubation of HL60 taig^.ce^^^wit^^0O; . 
fig/ml of either mouse P67 Ab or an isotype-matched <^Uol mouse - Ab 
(MOPC21) 30 nun before addition of effector cells. : 

After 20- to 24-h incubation in a humidified 37°C h^^& v WpeVnaT 
tants from cell ctUhitfes'were h 

tikine kit, R&D Systems, Minneapolis, MN). ■ V . _ / ^ 

Immunoprecipitatidn and Western bldtting;/ „ , . 

The ability of fey to bind protein A .was us^ ^ 
Jurkat control cells and Gl 'spacti\cJtfnMri&y 

lysed at 6 X 10 7 cells/ml in a buto consisting Somi3W .P^.:^5p 
mM NaCU 50 nuM HEPES; 10 rnMNai* > mM EfirTAiand .; 
pH 7, supplemented with the f6Uowiflg<pxpteas^ 
1 m^ INsrabloc ,(Boer^ 

pepstatin, 10 /ig/rnl leupeptin, and 20 ^ml apio^ni4;(Bo^i^ 

heim). After 10 inin Wice;1>sates wem^s^ l T 

4°C Lysate supematants were irnnmno^rec^fiU^^^ ; ^ 

protein A-agarose beads (Upstate Bio^noloof; take Pteeid^^ 1 

ibrated in lysis buffer. Beads wem wa$fce&ml^^^ 

precipitates were separated by 4 to 20% SDS-PAGB rao^-r^^ 

conditions. Gd loading of lysates was a^usuidaccoid^ 

of receptor expression determined by :FACT 

A431 cell lysate, supplied as a po^idye, control ■y^;^na^j^^^^-.:^ 
Biotechnology), was also loaded. Separate : p 

polyvinylidene dMubnaV raemb^ - 

blocked overnight in PBS 1 containing 2% nonfat powered milk apd;0;i %; 

Tween: The membrane was incubated wi&^ 

anti-p85 Ab (Upstate BrotcclinolojEy), thcnJwaslied: 

0,1% Tween; bound Ab was detected with a; second horsera^Hperc^ 

dase-conjugated donkey Ab to rabbit Tgij acJ^ tm^ 

Grove, PA). After further waging, signal was d^ui^ try-a nbnuiptbpic 

enhanced du^rtuniinesoaice assay (ECL assay, Ariiersham 

Aylesbury; UK.). / v ■ -\ W;--"- 

Results- '"'•■ :K ''\::^^:<---i:[f^ 

Expression of chimeric receptors , ' C; : i;. •* 

Cell surface expression of ■ functional chimeric receptors was . 
termined by FACS analysis after incubation with fluor^cent wl-. 
ublc CD33. Figure 2 shows mstogranu?: ^of /FL-l^sign^^id^-* 
against frequency for transfgetants expressing die five : coiistructs 
described. Expression of P67/h;28/(^28^ W^sh^ 
P67/Gl/f, with a median 2000 molecules of ^33 l»u^ 
presence of the CD28 extracellulat spacer re^u^ 
pression of Ac GD28-f sigtialing 'sequence uhanxiid d»;0iis(^i^ ; S'^^ 
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EE6HCMVNEO 
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FIGIJIU&&. ^ &u^ receptors. Jurkat tmnsf cc- 

m&wm^ Firc^onjugated soluble CD33 Ag before anal- 



Constructs witfiiS the CD28 intracellular 

domain distal to the membrane, .gave poo Jurkat 

IL?2}prpductfon mediated by chimeric receptors 

Figure 3A shows the concentration of IL-2 found in the supernatant 
of cultures of Jurkat transfectants that had been incubated for 20 h 
with solid phase CP33 Ag. Untransfected Jurkat cells and cells 
;^Secte<I with the expression vector control pr&ucetf hd detect- 
a^je ]^ CP33. Cells expressing P67/GU£ pro- 

<Mc^ 70 pg/ml, whik constructs with trie costimulatb^ 

■ maly sign^ the same protein chain were 

^ler tQ production of iip to 1600 pg/ml. Again, the 

compared with the Gl 
«p^c^ ^ samp intracellular signaling do- 

■^a^^^iii^ , .^ .detteted in cultures of transfectants expressing 
chifn^ orientation £-CD2S with 

-: ; ttos;;fcr}^^ ..: V-""* 

of Il>2 from transfectants srirnu- 
?ai^^tl$^ were. incubated 

WitalBfc^^ 1:5. 
Ifatr^feet^ the expression 

veitorcontjol^r^ 
positive ta^c^ 

at an E:f ^ellmdo-of 1:1^6^^ pg/ml as the 

number of stimulators increased relative^ ^ 

The construct that prjrxiucedwthe.ffi Ag, 
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FIGURE 3, Stimulation of chimeric receptors with solid phase CD33 
Ag (A) and HL60 Ag-positivc target cells {B). Jurkat ceils and transfectants 
expressing chimeric receptors were incubated for 20 n with appropriate 
stimulation; supernatant* were then harvested and assayed for JL-2 by 
EUSA C, IL-2 production by Gl spaced chimeric receptors stimulated 
with a titration of solid phase CD33 Ag compared with production from 
cells stimulated with solid phase anti<!D3 and a solid phase mixture of 
anti-GD3 and anti-CD28 over 24 h. 
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FIGURE 4. Specific inhibition by free Ab of 1L-2 production mediated 
by chimeric receptors. HL60 stimulator cells were preincubated with cither 
mouse P67 Ab or the isotype-matched control Ab MOPC21 before addition 
of effector cells at an E:T cell rurio of 1:1. 



P67/h.28/CD28-£ was the most efficient at mediating IL-2 pro- 
duction from cellular Ag. No increase in IL-2 production was ev- 
ident from transfectants expressing this construct when the E:T 
cell ratio was decreased from 1: 1 to 1 :5. Again the h.28 spacer was 
more efficient than the Gl spacer at mediating IL-2 production. In 
contrast to results with solid phase CD33 t constructs with the in- 
tracellular orientation £-CD28 were able to mediate IL-2 produc- 
tion of some 100 to 200 pg/ml on challenge with HL60 cells, with 
this level increasing when the E:T cell ratio was decreased from 
1:1 to 1:5. 

Figure 3C shows the effect of titrating solid phase CD33 on IL-2 
production from P67/Gl/£ and P67G1/CD28-?. IL-2 levels were 
maximal for both constructs at CD33 coatmgjjoi^entrations of 5 
and 2.5 fig/ml and decreased in each case as the coating concen- 
tration was reduced to 1.25 fig/ml and 0.63 /xg/ml. Stimulation 
with solid phase anti-CD3 and a solid phase mixture of anti-CD3 
andluiu^D28 wa^ 

CD33. The amount of IL-2 mediated by P67/Gi/CD28r{ stimu- 
lated with solid phase CD33 was more than twofold greater than 
the level seen when a solid phase mixture of anti-CD3 and anti- 
CD28 was used. This is in contrast to the threefold underperfor- 
mance of P67/GI/J on CD33 relative to stimulation with anti-CD3 
and anii-CD28. 

IL-2 production could be specifically and completely inhibited 
in ail transfectants by incubation of HL60 stimulator cells with free 
P67 Ab <Fig. 4). No inhibition of IL-2 production was observed 
when MOPC-21, an isotype-matched control Ab, was included in 
place of P67 in cultures of transfectants and HL60 cells. 

Association ofp85 subunit of phospkatidylinositol 3' -kinase with 
chimeric receptors 

In Figure 5 the presence of the p85 subunit of phosphaudylinositol 
3'-kinase is revealed irnmunoprecipitated with both the Gl-spaced 
chimeric receptors featuring the CD28 intracellular signaling do- 
main, but not associated with the Gl -spaced chimeric receptor 
featuring only the £-chain intracellularly. 

Discussion 

Following the reports of inhibition of tumor cell growth in vitro 
with a pair of bispecific anti-CD3/and anti-CD28/anti-folate bind- 




FIGURE 5- Western blot Jurkat control cells "and transfectants express- 
ing Gl -spaced chimeric receptors were lysed; immunopre<apitatea with 
protein A-agarose, and separated on SDSrPAGE before blotting; ^^roer^ 
brane was probed with a polyclonal Ab ^oeudr.^^-p^^^^^^ 
phosphatidylmositoi 3'-kinase; signal generation was. CTrmnce^ by^ 
luminescence (ECL). The position of the p85 band was ^fir^-byl 'a^os; 
itive control A431 celt lysate, \..\\V.(.wZ-iv 



ing protein Abs (40) and successful treatment of established^ xeno- 
grafts uamgananti^D3/CD30ahdianti-CI)28/^ 
(41), we decided to use the chimeric: receptor ar^roaohj - to^t^ : to 
achieve equivalent activation of T cells- Previous authdrs (29) h^ye 
published encouraging resutts with ^ 

scFv(a)-CD28 and scFv(b)-f xhiincrj^; receptor^ ' j^^^JW^--- 
present data from a s^t bf molecules featuring 
Ab binding domain with mrxaceilular GD^anii : |^ . 
domains In series on aismgleLch^^: Jj I- 1 - * . - . 

Each chimeric receptor was analyzed as a b^transfectiott to 
provide a representative population of many : mdivio^p^ ;■- 
tants. These cells; were sele<^ m the rha^ 
G418 and maintained in culture for: short periods to erisure a con- 
sistent expression level. TWs bulk u^sfectionm 
from individual positional integration effeci»4o allow clear dem- 
onstration of differences In j^ornianc^" between constructs: We 
believe that such transfectants more closely icsemble effector pop- 
ulations generated by in vivo targeted* gene delivery; .M^— .v,. 

Altlibugh me expression of construct 
ilar to the level seen with P67/Ql/£ inclu^^^ 
cellular signaling domain in the design led to a 20-fold mcfease in 
the secretion of IL-2 front Jurkk transfectah 
solid phase CD33 Ag. this increase compares favorably, with the 
5^ to 7-fold imrffbv^ 

anti-CD28 Ab to transfectants expressing chim 
f signaling only (29). When the IL-2 production from transfectants 
expressing constructs F67/G l/£ and P67/G1/CD28-& which share 
the same spacer, was compared; there was a lO^fbld increase <aW 
tributable to the inclusion of the CD28 intracellular;signaling do% 
main, less than the 20-fold reported above. However the express 
sion of P67/Gl/CD2$-f was some 50% that of me P67/Giyf 
construct, suggesting a roughly similar contribution from the &h 
stimulatory domain in both cases. -\ : --^i^^p>:^-P^, 
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the amount of IL-2 produced by P67/Gl/CD28-f when stimu- 
lated by immobilized CD33 coated at 5 and 2.5 fig/ml was over 
twofold higher than the level seen after , stimulation with a solid 
phase mixture of anti-CD3 and antirCD28 coated at 2.5 ftgfol 
e^h v A6: : thc concentration of coated Ab was saturating and could 
^I^pnsi^r^ to provide conditions conducive to activation 
rbro^ secondary signaling, the performance of 

uSb ^ In the same ex- 

'^j^ii^^^tiuii which lacks a CD28 intracellular domain, was 
^^'toW'.M'a disadvantage not only In relation to P67/G1/ 
CD28^ stimulation with anti-CD3 

imxed ^iih-^f^CDlS:-! the threefold underperformance of P67/ 
OiTfon ^ ^33ielauye to anti-CD3 with anri-CD28 together with 
the" ^ oiitj^ormance of P67/01/CD28-f on 

CO$$ ^ relative to anti-CD3 with anti-CD28 provide another clear 
OAinons^on 6f the beneficial effect on EL-2 production of in- 
cludin^ the CD28 domain in series with the primary signaling 
region j^c&imenc receptor design. 

? Whe£^ were used to provide stimulation for the trans - 
- fe^ was fourfold lower than the 

'-iltiOff^ stimulation. This may be 

difc & ^ on the target cell 

Surfece^c^ on plastic solid 

phases, aiid it is mteresdng that IL-2 production from p67/h.28/ 
"•€D2K{ 6^1d^ cells as the E:T cell 

ratio was dec^^ density rather than the 

total ^ important. The ability of 

: t^;^ W Jurkat may be im- 

of the trans- 
the choice of Ag targeted. 

to the in- 
best only 4-fold over 
when stimulation 

^ 20-fold 
iinprb^ adhe- 
sion ra^ 

cbstimWation ^ partially masking the 

. CP28-me4wted secondary sign 3-fold improvement 

in IL-2 pi^ucUon^j^ KU& cells over 

:^oBd. please 

rnances j of the [. P67/spacer/f-CD28 transfectants on solid phase 
CD33 and HL60 cells are interesting m this regard, as they exhibit 
fymty ^ expression, produce no detectable EL-2 on solid 
phase CD33 f yet secrete significant levels of H>2 on stimulation 
with HL6Q cells, .implicating reliance on alternative secondary 
stimulatim/T^ and 
s^onde^ sigiialing domains is particularly efficient at mediating 
S^aling^ at least from Ag expressed on cell surfaces, the poor 
expression of e^^ sequence. f-CD28 

, mayj ^ i^^to p^it^ n^i^g of key residues . within £ that are 
< TCR chains from 

(3^^ m l^ CD28 mtraceiluiar 
Sv^.^u^ 

I^SP^alrc^^ 

rly/l^t ^ to genuine initiation of the 

^a$j^^^ of the p85 

sutnMjOJf;^ sufigc 51 diat 

tBs;^ chimeric recep- 

tora:vexp«e«se^;^^ possible mat the 
imni^^ 

pfooqplkjry^ of the 

SH2^ntaining signaling molecules. The ; diii^ de- 
scribed have the ability to form stable ^ 



which was designed in the spacer region; they may also associate with 
endogenous TCR complex in Jurkat, so constitutive phosphorylation 
and association of signaling molecules might be expected. There ap- 
peared to be no gross difference in the efficiency of recruitment of p85 
between the relative orientations of CD28 and f. 

Although Jurkat cells have proved useful for initial studies with 
the chimeric receptors described, we are currently evaluating these 
molecules in primary human CD4 and CD8 T cells, where the 
contribution from the costimulatory domain might be expected to 
be more profound Previously described £- or -y-chain chimeric 
receptors, which provide primary signaling only, require high lev- 
els of exogenous IL-2 to demonstrate efficacy in animal models (9, 
10, 12). The chimeric receptors described here, which incorporate 
both primary and costimulatory signaling domains in tandem and 
mediate greatly enhanced cytokine production, may overcome the 
requirement for administration of potentially toxic doses of exog- 
enous cytokine in vivo. 

Combining the two signaling domains on the same polypeptide 
chain offers advantages over expressing two distinct chimeric re- 
ceptors, one with a primary signaling domain and a second with a 
costimulatory signaling domain. The two-receptor approach would 
probably require different spacer regions to prevent heterodimer 
formation and would be more difficult to deliver using a recom- 
binant retroviral system. Consistent relative expression of each sig- 
naling domain would also be harder to achieve with the two-gene 
approach. 

The chimeric receptors described in this paper represent the first 
of a new generation of single gene products that address the goal 
of MHC- and exogenous cytokine-independent activation of naive 
T cells and are specifically designed for in vivo gene therapy. 

References 

1. Elliot, B. E. D. A. Carlnw. A.-M. Rodricks, and A. Wade. 1989. Perspectives on 
the role of MHC antigens in normal and malignant cell development. Adv. Cancer 
Res. 53:181. 

2. Mirincola, F. M. t P. Shamamian, R. B. Alexander, J. R. Gnarra, R. U Turetskaya, 
S. A Nedospasov, T. B.Simonis, J. K. Tauhenberger, J. Yannelli, A. Mtxon. 
N. P. Resiifo, M. Hcrlyo, and S. A. Rosenberg. 1994. Loss of HLA haplotype and 
B locus down-rcgulMloh in melanoma cell lines. /. Immunol. 153:1225. 

3. Knwana,. Y„ Y. Asakura. N. Ulsunomiya, M Nakaoishi, Y. Anna. S., Itoh. 
. P. N&gasc, and Y. Kurosawa. (1987) Expression of chimeric receptor composed 

of Immunoglobulin-dcrWed V regions andT-ccIl receptor-derived C regions. Bio- 
chettL Biopkyi. Res. Cdmmun. J 49: 960. ' 

4. Gross, G„ T. Waks, and 7L Eshhar. 1989. Expression of immunoglobulin-T-ccll 
receptor chimeric molecules as functional receptors with antibody-type xpecific- 
ity. Proc. Nad. Acad. ScL USA 86:1004. 

3; Blocker. T„ A. Peter, A. Tratmecker, and K. Karjalainen. 1993. New simplified 
molecular design for functional T ceil receptor. Eur. /. Immunol 23.1435. 

6. Eshhar. Z., T. Waks, G. Gross, and D. G. Schindler. 1 993. Specific activition and 
targeting of cytotoxic lymphocytes through chimeric single chains consisting of 
antibody-binding domains and the y or £ suhunits of the immunoglobulin and 
T-cell receptors. Proc. Natl Acad. Set USA 90:720. 

7. Hwu, P., G. E Shafer. J. Trcisman, D. G. Schindler, G. Gross, R. Cowherd. 
S. A; Rosenberg, and Z. Eshhar. 1993. Lysis of ovarian cancer cells by human 
lymphocytes redirected with a chimeric gene composed of an antibody variable 
. region and the Fc receptor y chain. /, Exp. Med. 178:361. 

8. Stancdvskl, U D. O. Schindler. T. Waks. Y. Yarden, M. Seta, and 2. Eshhar. 
1993. Targeting off lymphocytes to Neu/HER2-expressing cells using chimeric 
single chain Pv receptors. / Immunol J 51:6577. 

9. Moritz, D., W. Wcls, J. Mattern, and B. Oioner. 1994. Cytotoxic T lymphocytes 
with grafted recognition specificity for £RBB2-«xpress!ng tumor cells. Proc. 
Afarf. Acad. Sei. USA 9t:4318. 

10. Hwu, P., J. C Yang, R. Cowherd, J. Txeistnan, G. E. Shafer, Z. Eshhar, and 

A. Rosenberg. 1995. In vivo antitumor activity of T cells redirected with 
. chimeric antibody/T cell receptor genes. Cancer R*j. 55t3369. 
X 1. Brocker, T., M. Riedingcr, and K. Karjalainen. 1996. Redirecting the complete T 
.cell receptor/CD3 signaling machinery towards naive antigen via modified T cell 
receptor. Bur.' J: Immunol 26:1770. 

12. Hekde, A., P. Dall, D. Moritt, W. Wels, B. Groner, P. Herlicb. and H. Ponta. 
1996. Growth retardation of tumors by adoptive transfer of cytotoxic T lympho- 
cytes reprogrammed by CD44V6*spedfic scPv:J.chimera. Int. J. Canar 68:232. 

13. Weijtens, M,E.M,HA WUlemsen, D. Valerio, K. Stam, and R. L. H- Bolhuis. 
.1996. Single chain lg/y geDC-rtdirected human T lymphocyte*. produce cyto- 
kines, specifically lyse tumor cells, and recycle lytic capacity: 7. Immunol J Si: 
836; 



08/31/0 1 FRI 16:41 FAX 



@)008 



The Journal of Immunology 



14. Altenschmidt, U.. R. Kahl, D. Morilt. B. S. Schnicrle. B. Gersimayer, W. Wele. 
and B. Groner. 1996. Cytolysis of tumor celts expressing the neulerbB-2, erbB-X 
and erbB-4 receptors by genetically targeted naive T lymphocytes. Clin. Cancer 
Re^ 2:1001. # , . 

15. Attenschmidt. U.. E. KJundl. and B. Groner. 1997. Adoptive transfer of in vitro- 
targeied, activated T lymphocyte* results in total tumor regression. /. Immunol 
159:5509. 

16. Tan. P.. C Anasetti. J. A. Humeri. J. Melrose. M. Bnmvand. J. Bradshaw, 
J. A. LedbeUer, and P. S. Unsley. 1993. Induction of allcantigen-spccinc hypo- 
responsiveness in human T lymphocytes by blocking intcncUon of CD28 with its 
natural ligand B7/BBI. / Exp, Med. 177:163. 

17. Harding, F. A., i. G. McArthur. J. A. Oross. D. H Rautet, md J. P. AMson. 1992. 
CD28-medlated signalling co-stiraulatcs murine T cell* and prevents Induction of 
anergy in T-cell clones. Nature 356:607. 

18. Schwartz. R. H. 1992. Costim illation of T lyinphocytcs: the role of CD28, 
CTLA-4, and B7/BB1 in interieukin-2 production and uiununothcrapy. Cttl 71: 

IMS- , ^ 

19. Chen, U S. Ashe, W. A. Brady. I. Helfctrom. K. E. Hellsliom. J. A. Ledbetier, 

P. NfcGowao. and P. S. Linsley. 1992. Costimulation of antitumor immunity by 
the B7 eouaterreceptor for the T lymphocyte molecules CD28 and CTLA-4, Cell 

71:1093. 

20. B roc leer. T.. and K.. Karjatainen. 1995. Signals through T cell receptor- £ chain 
alone arc insufficient to prime resting T lymphocytes. J. Exp. Med. 181:1653. 

21. Biercr, B. E, B. P. Sleckmon, S. E. Rarnofcky, and S. I Burakoff. 1989. The 
biologic roles of CD2. CD4. and CDS in T-cell activation. Annu. Rev. Immunol 
7:579. 

22. Janeway, C. A. 1992. The T cell receptor as a naulllcomponent signalling ma- 
chine: CD4/CD8 coreceptors and CD45 inT cell activation. Annu. Rev. Immunol 
10:645. 

23. Alberola-Ila, J., L. Places. D. A. Cantrell. J. Vivcs, and F, Lozano. 1992. Intra- 
cellular events involved in CDS-induced human T cell activation and prolifera- 
tion. J. Immunol 148:1287. 

24. Vandcnberghc. P., G. J. Freeman, L. M. Nadler. M. C. Fletcher. M. Kamoun, 
A. Turka, J. A. Ledbetier, C. B. Thompson, and C. H. June. 1992. Antibody and 
B7/BB I -mediated ligation of the CD28 receptor induces tyrosine phosphoryla- 
tion in human T celts. J. Exp. Med. 175:951, 

25. Lenschow, D. J., T. L. Wulunas, and J. A. Bluestone. 1996. CD28/B7 system of 
T cell costimulation. Annu. Rev. Imntunol 14:233. 

26. Harding, F. A. ( end J. P. Allison. 1993. CD28-B7 interactions allow the induc- 
tion of CD8* cytotoxic T lymphocytes in the absence of exogenous help. J. Exp. 
Med. 177:1791. 

27. Rudd, C. E 1996. Upstrcam^ownstream: CD28 cosignaling pathways and T cell 
function, immunity 4:527. 

28. Stein. P. H.. J. D. Fraser, and A. Weiss. 1994. The cytoplasmic domain of CD28 
is both necessary and sufficient for cosli mutation of interleukin-2 secretion and 
association with phosphatidyl; no*Hol Vkinasc. MoL Cell Biol 74:3392. 

29. Alvarez- VaHina. L.. and R. E. Hawkins. 1996. Antigen-specific targeting of 
CD28-mediftted T cell co-stimulation using chimeric single-chain antibody vari- 
able fragment-CD28 receptors, Eur. J. Immunol 26:2304. 

30. Huston, 1., D. Levinson, M. Mudgcn-Hunter, M.-S. Tai, J. Novotny, 
M. N. Margolies, R. S. Ridge, K E. Bruccoleri, E. Haber, R. Crea. and 



2797 



H. Oppermann. 1988. Protein engineering of antibody binding sites: recovery: of . 
specific activity in an anti-digoxin single-chain Fv Analogue produced in Esch- 
erichia colt. Proc. Natl Acad. Sci. USA 85:3879.. 

3 1 . Press, O. W , D. Shan. I. Howell-Clark, J. Eary, F. R. Appelbmim; D. Matthews, 
D. J. King, A. M. R. Hakes, . P. Hamann, U ■ Htoaiu : Sbxidifl^;- and 

I. D. Bernstein, 1996. Comparative metabolism and retention of iodine^ 125, yt- 
trium- 0 ©, and indium- 111 radtoinmumocoojngates b^cM^-peU^.Canci^ia: 

56:2123, • , ■' : ". [' ' v. . '\ v •''•^^W&*&''' 

32. Merit*. D.. and B. Groner. 1995. A spacer region between the single chain an* ; 
tibody and the CD3£-ehain domain of chimeric T cell receptor components is .. 
required for efficient Ugand binding and signaling activity. Gene Thef. 2:539. 

33. Roberts, Kt, L Qin. D, Zhang. D. H. Smith, A^-C. Thin, %-.;3>. Piilt 
J. B. Groopman, D. 3. Capon. R. A. Bym, and M, H. Finer. 1994. Tan^Ln^ of 
human immunodeficiency virus-infected cells |jy CDSt'T lymphocytes iiWoa 
with universal T-cell receptors. Blood 84:2878. 

34. Andrews, R. G„ B. Torok-Storb. and 1. D. Bernstein. 1983. Mycloid-associated 
differentiation antigens on stem cells and their progeny Identified by monocloaal 
antibodies. Blood 62: 124. 1 : \^ : . 

35. Kabfti. B. A., T.'T. Wu, H. M. Perry, K. S- \C^nestma, -i^^^P^^.rJSpjl,... . 
Sequence* cf Proteins of Immunological Interest ■ 5tb BoV Nai«^;1^^S;jif - 
Health, Bcthesda; National Institutes oif Health PiibUcatioo 9\-i2A2} 

36. Wclsaman, A. D. Hou, D. O. Ortoff, W. S. Modi, H. ^aiieS; S>ii9 7 B^iaii , . 
and R. D. Klausner. 1988. Molecular clcjung nnd chromosomal 

the human T-cdl receptor (chain: distinction from the molecular COT complex. 
Prvc. Natl Acad. Sci. USA 85:9709. ' ? [ J ' " !' ^ 

37. Moingeon, P.. C, C Stebbins, L. D' Adamio, '3. Lxcich, ah^ E ll 1 R^inherz. 1990. 
Human natural killer cells and mature T lymphocytes express identical Cp3 { 
subunits. as defined by cDNA cloning and sexjuence analysii. Eur. J, Immunoi 

20:1741. ■ '\'V' VV '"'''':'''''"'".7r*'^ 

38. Aruffo, A., and B. Seed. 1987. Molecular cionwg^ 

efficiency COS cell expression system. Prvc Natl Acad* Scu 1^^84:8573 jy: I 

39. Stephens, P. E.. and M. I. CocketL 1989. The ct^trucric^ of a hi^y effidcot 
and versatile set of mammalian expression wctors. Nucleic Acid* Res. 17:7)10. 

40. Mazzoni. A, D. Mczzanzanica, G. Jung» R Wolf, Ki i C^liiai^r and - 
S. Canevari. 1996. CD3-CD28 costimulation as a means m a voting Tc^H pie- 
activation in bispecific monoclonal tntiDody-based treatment of oyariah^cartl- 
noma. Cancer Res. 56:5443. 

41. Renner, C. W. Jung, Sahin. R. Denfeld, C. Pobl. L. Tnuiriiper, f.jHarraanh, 
V. Dieht, R. van Uer. and M. Pftetmdschuh. 1994. Cure of xenograflcd human 
tumors by bispedftc monoclonal antibodies and miman T cells. .Science 264;833. 

42. Doty. R. T., and E. A. Clark. 1996. Subcellular localization of (^80 raptors is . 
dependent on an intact cytoplasmic tail and is required for CX»2i^>en^ T cell 
costimulation. X Immunol 357:3270. Y \ " ' V ^ . ' ' . 

43. Bolhuia, R. L. H,» U. R. Hoogenboom, and J. W, Gmnmk tatgetmg^ ^ 
peripheral blood T lymphocytes. Springer Semi* ImmimsipaJlkjL. 18:21 1^ - L 

44. Ftank, S. ME Samclsoo, and.R. D. |QttUsner. !990.^\stcW.re and.Big* 
nailing functions of the invariant T cell receptor ccmponcats. Semitu Immunol 



